Abstract A bioelectrochemical sensor (BES) was constructed for toxicity assessment of copper in contaminated domestic sewage. Electrochemically active bacteria (EAB), whose growth was supported by the bioenergy generated from an in situ metallurgical process, functioned as the sensing elements. The external resistance of metallurgical BES was optimized based on linear sweep voltammetry analysis. The stabilized BES was utilized to monitor the copper toxicity in real wastewater. During the less than 1-h sensing period, copper concentration ranging from 1 to 5 mg L -1 could be detected. A power output of around 100 Wh (kg Cu) -1 and metallic copper resource were obtained simultaneously. This study demonstrated that the highly active EAB species enriched in metallurgical BES could be a promising candidate for rapid and reliable evaluation of copper toxicity in real domestic wastewater.
Introduction
Energy crisis and water pollution are issues of considerable concern globally. In many countries, for example in the USA, up to 3% of the electricity generated is consumed to treat wastewater (Logan and Elimelech 2012) . To seek a balance between environment and energy, there is a need for cutting-edge technology which offers the possibility to convert wastewater into renewable resources such as drinking water, plant nutrients (nitrogen and phosphate) and clean energy (e.g., hydrogen and methane) (McCarty et al. 2011 ). Unlike organic water pollutants which are easier to be decomposed and eliminated by diverse microorganisms, anthropogenic sources of inorganic heavy metals may accumulate and pose higher health risks to ecosystem (Madoni and Romeo 2006; PerfusBarbeoch et al. 2002; Seidl et al. 1998 ). The frequent reports on accidental metal leakage from industrial processes into natural water bodies are raising serious concern on the safety of aquatic environment which is closely related to human beings. Consequently, realtime monitoring of water and wastewater quality would be playing a more and more significant role in securing the public health in addition to effective treatment of these toxic pollutants (Bourgeois et al. 2001) .
A decade ago, bioelectrochemical technology aroused widespread attention due to the feasibility of generating electrical energy from organic compounds in various aqueous solutions (Gajaraj and Hu 2014; He 2013; Liu et al. 2012; Logan 2009; Thomas et al. 2013) . Bioelectrochemical systems for domestic wastewater treatment, especially for low-strength sewage, gained an advantage over conventional aerobic processes in energy recovery by anaerobic digestion. The organic pollutants present in these waters were proven to be suitable to serve as renewable fuels, while the electrochemically active bacteria (EAB) were adaptable to acclimatize as anodic biocatalysts (Logan 2007) . Later, the application of bioelectrochemical systems was expanded to bioelectrochemical removal and recovery of toxicants including regulated heavy metals of Cu, Cr and Hg from municipal solid waste leachate and industrial sewage, which greatly enhanced the environmental and commercial benefit (Abourached et al. 2014; Tao et al. 2011) . Particularly, copper reduction was of interest due to the wide existence of copper-containing industrial effluent, the high redox potential of the Cu 2? /Cu redox couple (Table S1 , supplementary information) and the added economic value of the metallic product (Cu) (Cheng et al. 2013; Zhang et al. 2012) . Recently, bioelectrochemical system has been shown to be a promising electrochemical biosensor for regular water quality and urgent toxicity detection in addition to contaminant removal and electricity production. By now, a great deal of efforts have been invested in the development of bioelectrochemical sensor (BES) for biochemical oxygen demand (BOD) and dissolved oxygen (DO) monitoring (ElMekawy et al. 2017; Kim et al. 2009; Kumlanghan et al. 2007; Modin and Wilén 2012; Wang et al. 2010; Zhang and Angelidaki 2011) . For this whole cell-based system, electrical variations such as voltage, current, power and charge can be measured based on the changes in the respiratory activities of microbial strains directly without any extra transducers (Ha et al. 2010; Li et al. 2016; Stein et al. 2011) . Similarly, other toxic organic pollutants such as polychlorinated biphenyls (PCBs), organophosphorus and antibiotic compounds, as well as inorganic contaminants of Cu, Pb, Hg and Cd, can also be detected by their responses toward the metabolic activities of anodic bacteria (Feng et al. 2013; Shen et al. 2013; Stein et al. 2012; Tront et al. 2008; Zhou et al. 2017) . Further focusing on novel design of BES architecture and addition of aiding agents, a BES stack is able to enhance detection sensitivity by using cathode array as a transducer to mitigate the electrode variation (Jiang et al. 2017) , and dosage of zero-valent iron is capable of accelerating interspecies electron transfer (Jia et al. 2017 ). Therefore, in view of its practical applications, BES technology is an excellent candidate for real-time water and wastewater monitoring because of the low cost and environmental friendliness. It also offers an opportunity to harvest energy and valuable substances from abundant but largely abandoned wastes in water. However, the BES technology still remains at the stage of transfer from the laboratory bench to practical engineering. Intense research interest persists and the area continues to construct BESs with a great variety of architecture designs and configurations. But many of them were not working at their best conditions due to lack of applicable methods for accurate control of operating parameters. Rarely has investigative work been conducted on the EAB with complex bioelectrochemical behaviors in practical application.
In this study, we assembled a metallurgical BES for toxicity sensing toward heavy metal in real domestic wastewater. The bioelectric response from EAB to toxic copper was monitored by the voltage output from BES. Linear sweep voltammetry (LSV) was employed to investigate the electrochemical behaviors of bacterial anodes and abiotic cathodes. Rapid bacterial response to changes in copper concentration could be achieved by BES with optimal external resistances.
Materials and methods

Metallurgical BES configuration
The metallurgical BES was constructed with a dualchamber reactor (Fig. 1) . The working volumes of anode and cathode chambers were 216.0 and 108.0 mL, respectively. The electrodes used here were made of carbon-based materials (Beijing Sanye Carbon Co., Ltd., China): The anode consisted of three identical highly porous graphite felts (6.0 cm length 9 5.5 cm width 9 1.0 cm thickness), and the cathode was a graphite plate with an effective surface area of 15 cm
2 . An anion exchange membrane (AEM) was used to create ion channels between cathode and anode chambers. It can also prevent oxygen permeation and Cu 2? diffusion from cathode chamber to anode chamber during start-up and experiment periods. A data acquisition system (Adam 4017, Advantech Co., Ltd., China) coupled with a Ag/AgCl (1 M KCl) reference electrode (CHI 111, USA) was employed to record the voltage output and anode and/or cathode potentials. The whole circuit was connected via pure titanium wires ([ 99.9%) .
Start-up and experiments
A series of BESs were set up in batch or continuous flow mode for heavy metal recovery and detection in wastewater (Table S2 ). The anode chambers of the BESs were inoculated with a mixed bacterial culture from the effluent of air-cathode bioelectrochemical systems that had been operated for 2 years. The bacteria were fed with real domestic wastewater collected from Ulu Pandan Reclamation Plant (Singapore) with COD of 345 ± 53 mg L -1 and pH of 7.02 ± 0.03. The domestic wastewater was modified with 5850 mg L -1 NaCl to enhance the ionic strength as anodic medium and to improve the electric conductivity as electrolyte (Table S3 ) and then bubbled with nitrogen gas to remove DO. The startup procedure was completed in two steps as complied in supplementary data.
The first experiment aimed at exploring the performance of metallurgical BESs using organic pollutants in domestic wastewater as fuels. A continuous flow of Cu 2? -containing solution (pH = 3.0 adjusted by H 2 SO 4 ) was pumped into the cathode chambers. Different copper loading rates of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mg h -1 were studied. To accelerate the reduction rate of Cu 2? to Cu, a lower external resistance of 20 X was loaded to ensure larger current output as well as effective collection of voltage signals.
The second experiment was designed to simulate a copper leakage accident from the metallurgical BESs into the domestic sewage. The copper-containing effluents from cathode chambers of BESs were mixed with the domestic wastewater feeding to the anode chambers at different volume ratios. A series of contaminated domestic wastewater were thence synthesized with final Cu 2? concentration of 0 mg L -1
and 5 mg L -1 (level 5). The metabolic activities of EAB were then coupled to the detection of toxic copper in wastewater. Responses of EAB in BESs toward copper toxicity were investigated by monitoring the changes in anode potentials at different levels of toxin concentration and external resistance. To validate the accuracy of BESs, a wastewater sample with unknown Cu 2? concentration was prepared for both EAB sensing and instrumental analyses.
Two BESs without microbial inoculation were used as controls to examine the possible permeation of oxygen and/or Cu 2? through AEM from cathode to anode chambers and bioelectricity generation without EAB. All the chemicals were purchased from SigmaAldrich (St. Louis, USA) and prepared in deionized (DI) water (Milli-Q, Academic system, Millipore Co., USA). Each experiment was carried out in parallel in a temperature-controlled room at 25°C, and samples were taken in duplicate.
Analytical methods and calculations
The output voltage (U in V) across the external resistance and anode potential (vs. Ag/AgCl) were recorded at 10-s intervals. The current density (I/S cat in A m -2 ) and power density (P/S cat in W m -2 ) based on the surface area of cathode plate (S cat in m 2 ) were calculated as I/S cat = U/(RS cat ) and P/S cat = UI/S cat (R = external resistance value in X). Polarization and power density curves as a function of current density were obtained by changing the external resistance in 18 steps from open circuit to 20 X and stabling the voltage for at least 10 min at each step. The internal resistances could be determined by linear or polynomial fit via these curves. In order to evaluate the electricity-generating performance of BESs, electric quantity (Q in C) produced during the reaction time t(s) was calculated as
The recovery of electrons from anodic electron donor (organic compounds in domestic wastewater in this study) was evaluated as anodic efficiency (E an , i.e., Coulombic efficiency CE) as
where F = Faraday constant (96,485 C mol
) during the reaction time, V an = volume of anolyte (L) (V an = volume of anode chamber in a batch-fed BES), and 8 is the constant based on the production of 4 mol electrons per mole of COD (molecular weight of 32 g mol -1 ). The recovery of copper was determined as cathodic efficiency (E cat ) as
) during reaction time, V cat = volume of catholyte (L) (V cat = volume of cathode chamber in batch-fed BESs; V cat = flowing rate 9 time in continuous mode), and 32 is the constant based on the consumption of 2 mol electrons per mole of Cu 2? (molecular weight of 64 g mol -1 ). Total efficiency of BES was calculated as
Copper concentration in wastewater from both anode and cathode chambers was determined by using inductively coupled plasma mass spectrometry (ICP-MS, 7500ce, Agilent Technologies, USA). The morphology of anodic bacteria and composition of reduction deposits on cathode plates were analyzed by using a field emission scanning electron microscope (FESEM) with energy-dispersive spectroscopy (EDS) (JSM-6701F, JEOL, Japan) at an acceleration voltage of 5.0 kV. Sodium acetate concentration was monitored as COD according to Standard Methods (APHA, 1998). The pH was measured using a pH meter (PB-10, Sartorius AG, Germany), while DO with a dissolved oxygen meter (52 CE, YSI Incorporated, USA). Electrochemical analyses of bioanodes and graphite cathodes were conducted by LSV using a potentiostat (Iviumstat, Ivium Technologies, Eindhoven, Netherlands) in three-electrode BESs with the identical design to those in other experiments. Ag/ AgCl (1.0 M KCl) was used as reference electrode and platinum wire as counter electrode (CHI 115, USA). For anodic LSVs, the anode chambers were fed with copper-contaminated domestic wastewater at four levels (levels 0, 1, 2 and 5), while the cathode chambers were filled with Cu 2? -containing solution. Scans were performed from -0.50 to -0.20 V at 0.0001 V s -1 . For cathodic LSVs, the cathode chambers maintained the same conditions, while the anode chambers fed with non-contaminated domestic wastewater. Scans ranged from ? 0.15 to -0.20 V at 0.001 V s -1 . The optimal resistance R determined by the LSVs could be calculated as
where P an and P cat were the corresponding anode and cathode potentials at their limiting redox currents of I limiting . EAB species were identified by matrixassisted laser desorption/ionization time-of-flight mass spectrometry on AXIMA Performance (Shimazu Corporation, Japan) coupled to a Spectral ARchive and Microbial Identification System (SARAMIS, Anagnos Tec, Com, Germany) as reported previously .
Results and discussion
Performance of metallurgical BESs
After a successful start-up in batch mode (Fig S1,  supplementary data) , rod-shaped EAB, which were typically 0.5 lm to 1.5 lm in length, were enriched on the bioanodes (Fig. S2 ). Electricity energy was generated simultaneously. No bioactivity was observed in the control BESs without bacterial inoculation. And less than 1% of Cu 2? ions could permeate through the AEM from cathode to the anode chambers (Fig. S3) . The performance of metallurgical BESs for continuous copper recovery was investigated at a series of Cu 2? loading rates ranging from 0.5 to 3.0 mg h -1 (Table 1 ). The open-circuit voltage (OCV) of these systems could reach up to between 0.50 and 0.60 V. As fitted and calculated based on the polarization and power density curves (Fig. 2) , the maximum power density doubled from 0.10 ± 0.00 to 0.23 ± 0.02 W m -2 as the Cu 2? loading rates increased with an increment of 0.5 mg h -1 from 0.5 to 2.0 mg h -1 before reaching a peak value of 0.27 ± 0.01 W m -2 at 2.5 mg h -1 . Meanwhile, the internal resistance decreased sharply from 498 ± 10 to 198 ± 11 X. A smaller internal resistance would produce higher current density and remove more pollutants from wastewater. Being operated at an anodic hydraulic retention time of 24 h with an external resistance of 20 X, 92% more charge (from 64 ± 2 to 123 ± 2 C) and 16% higher anodic efficiency (from 59.3 ± 5.1 to 69.4 ± 6.6%) could be harvested, while the average current density increased from 0.78 ± 0.02 to 1.48 ± 0.07 A m -2 . No significant improvements in power generation from the anode could be observed as the Cu 2? loading rate further increased to 3.0 mg h -1 . In the cathode chambers of metallurgical BESs, ionic Cu 2? was reduced to elemental Cu (Fig. S4) loading rate would benefit the removal of pollutants from aqueous solution. Considering the efficiency of electricity generation and utilization, all BESs were maintained at a higher cathodic Cu 2? feeding rate of 2.5 mg h -1 to make full use of available electrons released by the bioanodes. A total system efficiency of 54.4 ± 3.6% was then produced. Moreover, it could be calculated that the removal ratio (by mass) of DCu/ DCOD increased from 1.43 ± 0.12 to 2.17 ± 0.14 when Cu 2? feeding rate accelerated from 0.5 to 2.5 mg h -1 , suggesting up to 2 g of Cu could be recovered by consuming 1 g of COD in domestic wastewater using the metallurgical BESs in this study. On the basis of this calculation, remarkable amounts of electricity and copper resources will be extracted from domestic wastewater. As for a practical wastewater treatment plant with a working capacity of 10,000 m 3 day -1 , assuming 90% of the organic pollutants (COD 350 mg L -1 ) are utilized to reduce Cu 2?
ions to metal elements, a total amount of 6.3 tons of Cu can be recovered. Hence, domestic wastewater turns out to be a promising candidate to power metallurgical BESs. This can yet be achieved only if the scaling up of BESs is realized. It is worth noting that the water quality of the effluent from the cathode chambers was reversely affected by the excessive amount of Cu 2? ions loaded to the cathode and a limited number of electrons released from the anode at higher Cu 2? loading rate. The copper removal efficiency declined dramatically from 98.6 ± 0.6 to 42.2 ± 0.4% as the cathodic hydraulic retention time was shortened from 20.0 h (at 0.5 mg h -1 ) to 3.3 h (at 3.0 mg h -1 ). Therefore, the BES systems need to be further optimized in future to achieve simultaneous high electricity generation efficiency and satisfactory organic pollutants removal efficiency.
Response of metallurgical BESs toward copper in real domestic wastewater
Exposing EAB to the toxic pollutants in domestic wastewater, inhibition of bacterial activities could be observed by monitoring the changes in anode potentials. Two evaluation criteria, i.e., response time and recovery time, were defined to assess the performance of metallurgical BESs toward copper toxicity. The response time was expressed by the period of time elapsed before rapid changes slowed down in bacterial activities, while the recovery time was denoted by the duration of time taken to recover to EAB-anodes' initial working conditions.
As shown in Fig. 3 , the bioelectric signals from well-stabilized BESs increased instantly to near 0 V at the beginning of simulated water pollution accident, followed by a two-step recovery to their initial potential levels at all concentrations and with both higher (1000 X) and lower (20 X) external resistances. The response time and recovery time, corresponding to the first and second time points where the anode potentials changed their decreasing rates, could be derived from these signal curves. A faster response and quicker recovery were observed at a higher external resistance. When a resistor of 1000 X was loaded, the BESs could give out swift response signals after 18.5 ± 1.5, 19.4 ± 0.4 and 35.0 ± 6.1 min at contamination levels of 1, 2 and 5, respectively. The EAB would then gradually recover from the toxic effects within around 2, 3 and 4 h. On the contrary, the BESs with lower external resistance of 20 X reacted more slowly to the copper toxicity. The response time extended to 55.0 ± 4.9, 83.0 ± 2.8 and 98.5 ± 4.9 min at levels 1, 2 and 5. A longer period of time (about 3-5 h) was needed for the EAB to return to their original states. These observations suggested a rapid sensing of copper toxicity could be conducted via a higher external resistance. However, the current density and cathodic efficiency were accordingly low, especially for the power output of which the peak value can only be obtained at optimal external resistance (equal to the internal resistance). As a result, it is of great significance to optimize the external resistance of metallurgical BESs to achieve rapid and accurate heavy metal sensing accompanied by efficient bioelectricity generation.
The inhibition of EAB activities, represented by the changes in anode potentials as a function of response and recovery time, was proportional to copper concentration as expected. The higher the toxin level, the more slowly the anode potentials fell back to the initial working conditions. For instance, a maximum changing rate of 12 mV min -1 was achieved in the response stage at level 0 and a minimum decreasing rate of 1 mV min -1 was recorded in the recovery stage at level 5 by using a metallurgical BES with an external resistance of 1000 X. Slower bacterial metabolic activities in anode potentials induced by copper pollutants could be detected at higher toxin concentration and lower external resistance. It is worth mentioning that certain length of time would be taken for the BESs to response toward medium replacement (15.1 ± 1.4 min at 1000 X and 34.5 ± 7.8 min at 20 X) and recover from the feeding shock (roughly 1 and 2 h with respect to external resistances of 1000 and 20 X, respectively), even as no copper toxin was added into the domestic wastewater (level 0). This time duration elapsed, denoted by background response and/or recovery time, was likely due to the biological resilience to varying culture environments.
Optimization of metallurgical BESs by LSV
The resistance in an electric circuit controls the electrons traveling in the BES system and then influences the redox reactions. Based on linear sweep voltammetry, both internal and external resistances, which are greatly affected by the redox species involved in different concentrations, can be characterized for understanding the working conditions of BESs. Therefore, the anodic degradation of organic compounds by EAB in the presence of toxic copper, cathodic copper reduction and bioelectrochemical performance of metallurgical BESs can be better studied.
In the EAB-anodic LSVs (Fig. 4a) , the bacterial oxidation of organic compounds started from -0.46 ± 0.01 V before the current increased linearly to a peak value of 5.30 ± 0.10 mA at -0.33 ± 0.01 V when no copper existed in the domestic wastewater. As more copper discharged, the anode potentials of bacterial oxidation reaction shifted to less negative values of -0.40 ± 0.01, -0.39 ± 0.01 and -0.37 ± 0.01 V at levels 1, 2 and 5. The corresponding peak current of 3.06 ± 0.01, 2.70 ± 0.02 and 2.43 ± 0.06 mA appeared at -0.30 ± 0.01, -0.29 ± 0.01 and -0.27 ± 0.01 V, respectively. When the scanning potential moved forward, the anodic reaction rates would be limited by mass transfer. As a result, the bacterial oxidation current dropped and then reached a plateau with a limiting value slightly lower than the peak current. In the cathodic LSVs (Fig. 4b) , the copper reduction reaction occurred from 0.08 ± 0.01 V until reaching a peak current of -8.72 ± 0.06 mA at -0.09 ± 0.01 V. Similarly for the anodic reaction, the reduction rate was limited by the mass transfer limitation polarization current. The copper reduction current became stable at -7.89 ± 0.08 mA at a potential more negative than -0.15 V. This cathodic limiting current was much higher than those of anodic values, suggesting the kinetics of anodic reaction was the limiting factor for redox reaction. Consequently, the anodic oxidation currents of 4.24 ± 0.11, 2.29 ± 0.01, 1.88 ± 0.05 and 1.68 ± 0.08 mA were determined as the limiting current at copper contamination levels of 0, 1, 2 and 5 for the BES systems. Corresponding electrode potentials could be read off from the scan curves.
Based on the LSV results (summarized in Table 2), the optimal external resistances could be calculated as 120, 200, 230 and 250 X for copper contamination levels of 0, 1, 2 and 5, respectively. These values were higher than the previous 20 X to achieve rapid copper sensing and lower than 1000 X to realize efficient copper reduction.
Performance of optimized metallurgical BESs Figure 5 confirms that the sensitivity of the BESs, denoted by the recovery ratio (percentage of anode potential recovered as a function of time), was dependent on the value of external resistance loaded in the BES system as concluded in ''Optimization of metallurgical BESs by LSV'' section. Being monitored with optimal external resistances, the bioelectric response signals from all the metallurgical BESs were detected within 1.0 h. A longer period of time elapsed at a higher level of copper contaminants could be compensated by employing a higher external resistance. The anode potentials recovered by 82, 70, 61 and 50% within 21.0 ± 1.4 min at level 0, 31.8 ± 2.5 min at level 1, 43.8 ± 0.4 min at level 2 and 54.5 ± 0.7 min at level 5, respectively. The average length of response time was reduced by 43% when replacing the external resistance of 20 X with the optimal values. Upon an adequate recovery of [ 95% anode potentials, an average changing rate of 2-4 mV min -1 could be obtained for all BESs with optimal cycle time between 2 and 4 h at different contaminant levels. When used as an early alarming device, the external resistance of a BES could be preset to monitor the regulated concentration of toxic copper in real domestic wastewater. For example, an external resistance of 250 X would be installed to alert the public to the dangers of high concentration ([Cu 2? ] [ 5 mg L -1 ) of heavy metal when the anode potential recovered by less than 50% within about 1 h.
Reproducible detection could be conducted before and after optimization procedures. With a high copper level of up to 5 mg L -1 , the average difference in response time between two sets of BESs running in parallel was less than 10%. A lower contamination level gave a better linear correlation between copper concentration and response time. Especially within the discharge limit of 0.5-2.5 mg L -1 for copper in sewage and drainage effluents (MEP 2002; NEA 2015) , there was a determination coefficient of higher than 0.99. Based on this linearity and an optimal external resistance of 210 X, a copper concentration of 1.34 ± 0.15 mg L -1 could be determined by a response time of 36.0 ± 1.7 min in unknown wastewater samples. This contamination level was quite close to that of 1.39 ± 0.02 mg L -1 detected by ICP-MS. These sensitive and repeatable findings, which were in good agreement with previous studies (Table S4 ), proved that BES technology could serve as a reliable tool for early toxicity alarming or even real-time monitoring for wastewater management. In practical application, however, various heavy metals might coexist in real domestic wastewater. As proposed by Jiang et al. (2015) , a general sensing model is more applicable to evaluate the combined heavy metal toxicity in future work.
More importantly, although poisonous to EAB, the heavy metal (copper) existing in the wastewater did not terminate the bioactivity of anodic EAB outright but instead slowed down their metabolic rates in oxidizing organic pollutants. There were five species, Klebsiella oxytoca, Comamonas testosteroni, Pseudomonas putida, Klebsiella pneumonia and Raoultella ornithinolytica, enriched from the domestic wastewater and dominated the bacterial community as high power-producing species. Utilizing the bioelectrons released by these highly active EAB species, a considerable amount of soluble Cu 2? ions could be reduced and then deposited as solid metal elements on the cathodes, accompanied by electricity generation when the BESs responded toward, and recovered from the toxic effects. During the respective sensing periods, simultaneous electric energy and copper recovery of 97 ± 5, 89 ± 3, 72 ± 1 and 65 ± 3 Wh (kg Cu) -1 were achieved at the four contamination levels. With the recovery of bacterial activities, the efficiency for power production and metallic resources reclamation could be increased by 2-3 times to as high as 266 ± 21, 224 ± 23, 157 ± 22 and 129 ± 20 Wh (kg Cu) -1 throughout the 90-min operating period.
Conclusion
Reliable and reproducible sensing of copper toxicity has been proven to be feasible by metallurgical BESs. Based on LSV, the bioelectrochemical performance of both bacterial anode and metallurgical cathode could be characterized. At a continuous Cu 2? loading rate of 2.5 mg h -1 , toxicity detection could be achieved in less than 1.0 h: 21.0 ± 1.4 min (level 0), 31.8 ± 2.5 min (level 1), 43.8 ± 0.4 min (level 2) and 54.5 ± 0.7 min (level 5) with optimal external resistances. The highly active EAB species in metallurgical BESs could recover completely from the toxic effects within several hours.
